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Renal handling of plasma high density lipoprotein. Renal tubular
reabsorption and hydrolysis of plasma high density lipoprotein (HDL3)
were studied. Rabbit proximal straight nephron segments were
microperfused in vitro with iodinated HDL3. Progressive luminal up-
take and cellular accumulation of radiolabeled material were observed
during an initial phase, followed by a reduction in sequestration and the
appearance of '251-label in the bathing medium. To detect proteolysis,
collected perfusates and bathing media were analyzed for trichioracetic
acid soluble radioactivity. '251-HDL3 in the luminal fluid was intact, but
metabolites appeared in the bathing medium. Electron microscopic
radioautography demonstrated endocytic uptake of '251-HDL3 at the
luminal membrane of the proximal tubule and movement of grains into
lysosome-like dense bodies. Incubation of radiolabeled HDL3 in the
presence of renal homogenates resulted in proteolytic activity with an
acidic pH optimum. Analytical cell fractionation studies indicated that
hydrolysis of the protein component is associated with lysosomes
derived from proximal kidney tubules. Collectively, the data show that
plasma HDL3 can be reabsorbed in the proximal nephron by a mecha-
nism involving endocytosis at the luminal membrane, followed by
proteolysis at lysosomes.
Elimination rénale des lipoproteines plasmatiques de haute densité. La
reabsorption tubulaire et l'hydrolyse rénales des lipoprotéines
plasmatiques de haute densité (HDL3) ant été ëtudiées. Des segments
droits proximaux de néphrons de lapin ant etC microperfuses in vitro
avec de l'HDL3 iodée. Une captation luminale et une accumulation
cellulaire progressives de composes marques ant été observées a une
phase initiale, suivies d'une reduction de la sequestration et de
l'apparition du marqueur 125J dans Ic milieu du bain. Pour détecter une
proteolyse, des perfusats et des milieux du bain, collectCs, ont Ctd
analyses pour Ia radioactivité soluble de l'acide trichloracétique. 1251
HDL3 était intacte dans le liquide luminal, mais des métabolites
apparaissaient dans le milieu du bain. Des autoradiographies en
microscopic Clectronique ant dCmontrC une captation endocytaire de
'251-HDL3 dans la membrane luminale du tubule proximal et un mauve-
ment de grains dans des corps denses ressemblant aux lysosomes.
L'incubation d'HDL3 radiomarquée en presence d'homogenats de rein
a entrainé une activité protéolytique avec pH optimum acide. Des
etudes de fractionnement cellulaire analytique ant indique que
l'hydrolyse du canstituant protidique est associCe aux lysosomes
provenant des tubules rénaux proximaux. Dans l'ensemble, ces
données montrent que l'HDL, plasmatique peut être réabsorbCe par le
néphron proximal par un mCcanisme mettant en jeu une endocytose au
niveau de Ia membrane luminale, suivie d'une proteolyse dans les
lysosomes.
Hyperlipidemia and a reduction in the circulating level of high
density lipoprotein (HDL) are common features of renal disease
[1—3], placing these patients at a risk of developing coronary
artery disease [4-7]. Although the kidneys appear to be in-
volved in metabolism of HDL [8—14], the mechanism used, and
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the impact on circulating levels of plasma lipoproteins remain
unknown. There is evidence that HDL is filtered under normal
conditions [13, 15], as well as during nephrosis [8, 14], and some
data suggest that it may be reabsorbed [8, 13]. The role and
consequences of reabsorption, if it occurs, are unknown. These
observations emphasize the importance of understanding renal
tran sport and catabolism of HDL, and defining the kidney's role
in systemic metabolism of lipoproteins. As a first approach, this
study is designed to determine if renal tubular reabsorption of
plasma HDL can occur and what cellular mechanisms are
involved.
Methods
The processes of transport and hydrolysis of plasma HDL3
during its reabsorption in the proximal kidney tubule were
studied. Luminal uptake of '251-HDL3 was quantified in
microperfused proximal straight nephron segments in vitro, and
electron microscopic radioautography was used to define the
pathway of cellular transport. Hydrolysis of the protein com-
ponent of '251-HDL3 was characterized in microperfused neph-
ron segments, renal homogenates, and subcellular fractions
derived from kidney tissue.
Isolation of HDL3, lodination, and assessment of purity
Human plasma HDL3 was isolated according to the method
of Scanu [16], dialyzed against 150 mM NaCI in 0.1% EDTA,
iodinated by the McFarlane method [17] to a specific activity of
427 121 tCi/mg protein (mean S EM), and dialyzed in 150
mM NaC1 to remove free 125j Trichioroacetic acid (TCA)
precipitation of six preparations yielded 97.31 0.5 1% of total
activity in the precipitable fraction, as a measure of intactness
of the radiolabeled lipoprotein and the effectiveness of remov-
ing free 1251 [18, 19]. lodination of the protein moiety versus
lipid moiety was compared by the method of Foich, Lees, and
Sloane-Stanley [20] and demonstrated that 92.07 2.43% of
the label was associated with the protein moiety of '251-HDL.
Protein concentration was determined by the method of Lowry
et al [21], using bovine serum albumin as a standard.
The purity and integrity of '251-HDL3 were assessed further
by electrophoresis and immunoelectrophoresis on agarose gel
(AGE, Corning ACI Film Cassette System) and polyacrylamide
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disc gel electrophoresis with sodium dodecyl sulfate (PADGE-
SDS). Agarose gel electrophoresis of '251-HDL3 yielded a
single, prominent band with a mobility characteristic of the
native lipoprotein. immunoelectrophoresis of radiolabeled
HDL3 against anti-human and anti-HDL sera resulted in one
precipitin curve, indicating that the iodinated preparation was
immunologically reactive, and that it was not contaminated by
other proteins or lipoproteins. For PADGE-SDS, 10% gels were
prepared according to the method of Davis [22].
Electrophoresis was performed in a PADGE Buehler
Polyanalyst System using a Tris-Glycine-1% SDS buffer in the
reservoir (pH 8.3 to 8.4) and for preparation of the protein
samples (pH 8.8 to 8.9). The gels were stained with Coomassie
Brilliant Blue, R250, and apoproteins Al and All were identified
by their molecular weights using the method of Weber and
Osborn [23], in which a standard curve of mobilities is plotted
against the molecular weights of known proteins.
In vitro microperfusion of '251-HDL3 through
nephron segments
Quantification of luminal uptake. Proximal straight nephron
segments from the left kidney of New Zealand white rabbits
were microperfused in vitro with '251-HDL3 in an oxygenated
bathing medium at 37°C (pH 7.1 to 7.4) according to the method
of Burg et al [24]. Luminal uptake of '251-labei was quantified as
a function of time by counting radioactivity sequestered by the
nephron segments following perfusion at various time intervals
(4.42 to 32.1 mm). In one set of experiments, the appearance of
'251-label in the bathing medium also was measured.
Microperfusion was driven by a syringe pump (model 355, Sage
Instruments) to achieve an average perfusion rate of 14.86
0.81 nI/mm. The perfusion rate was checked following each
experiment by perfusing directly into a vial for 15 mm and
comparing the '251-counts against those of a standard volume of
perfusate. The perfusion and collection pipets were siliconized
to prevent adherence of '251-HDL3. In several experiments, the
perfusate also contained '4C-inulin (New England Nuclear
Corp., 23.2 mCi/g) to distinguish between intracellular and
extracellular '251-label associated with the nephron segments,
and to quantify the leak of perfusate into the bathing medium.
These measurements were made by comparing the ratio of
'251/14C associated with the nephron segment or bath to its
control (that is, sample medium without tubule, or perfusate),
and expressing the additional '251-radioactivity as cellular se-
questration or leak, respectively. Samples and standards were
counted in a gamma scintillation spectrometer (Packard Instru-
ments, Downers Grove, Illinois) and/or double-counted in a
scintillation counter (Beckman Instruments, Fullerton, Califor-
nia).
The bathing medium was a balanced electrolyte solution
containing: 115 m'vi NaC1, 5.0 msi KC1, 10 ms CH3COONa, 1.2
mM MgSO, 1.2 mrvi NaH2PO4, 1.0 mrvi CaCI2, 25 mrs NaHCO3,
5.5 mt dextrose, and 120 mg% rabbit serum albumin or 4 g%
bovine serum albumin. The perfusate was made of Krebs
Ringer bicarbonate (KRB) solution and included: '251-HDL3
(0.128 or 0.256 ng protein/ni); rabbit serum albumin (120 mg%);
and in most experiments, '4C-inulin (5 mg/ml). Albumin was
added in low concentration to the perfusate to provide an
additional means of preventing the lipoprotein from adhering to
the glass pipet. During perfusion, the nephron segments were
examined through an inverted compound microscope at a
magnification of x 400 to determine that the morphology was
normal. As a further index of viability, tubules were observed
after disconnecting the pipets following perfusion, to assess
their ability to transport fluid out of the luminal space, causing
it to collapse. Tubules which did not collapse were discarded.
Transport data were fitted to a multivariate regression model
using the quadratic equation:
y = a0 + a1x + a2x2
where a0, a1, and a2 are the regression coefficients, and x and y
are the time of perfusion and nanograms of HDL3 protein
sequestered per millimeter of tubule length, respectively. Re-
gression coefficients were calculated by using the least squares
method. Significance was tested by using Student's t test.
Electron microscopic radioautography. '251-HDL3 (0.256
ng/nl) was microperfused (14.73 0.17 nllmin) through six
rabbit proximal straight nephron segments for 15 mm as de-
scribed above, after which tissue samples were prepared for
electron microscopic radioautography according to the method
of Maunsbach [25]. Thin sections (300 to 600 A) were cut on an
ultramicrotome (Reichert Om-U3), placed on Formvar-coated
(0.35%) 100-mesh copper grids, stained with uranyl acetate [26]
and lead citrate [27], and covered with a carbon layer by
vacuum evaporation [28] to prevent precipitation or removal of
stain during processing. Ilford L-4 emulsion was prepared by
dissolving 2 cc emulsion in 3 cc double-distilled water at 40°C.
It was applied to the grids as a thin layer in the gelled state (gold
color) by platinum loops with an inner diameter of 5 mm. The
coated grids were stored at 4°C and developed at intervals of
time. Photographic procedures involved developing for 90 sec
in Kodak D19, fixation in Kodak Rapid Fix for 45 sec, and
washing for 60 sec in two changes of distilled water. Sections
were examined under a JEOL-JEM 100 C electron microscope.
Micrographs of each tubule were analyzed by counting
radioautographic grains associated with the brush border, and
the apical and basal cytoplasm, and expressing frequency as a
function of surface area, determined by standard morphometric
techniques [291. The distribution of grains among various
subcellular compartments was assessed by recording and quan-
tifying the location of grains in micrographs showing a rep-
resentative cross-section of proximal tubule cells.
Analysis of collection fluids and bathing media for metab-
olites. Following the microperfusion of '251-HDL3 (0.256 ng/nl;
16,51 0.21 nl/min) through 11 rabbit proximal straight neph-
ron segments for 9.75 to 40 mm, the collection fluids and
bathing media were analyzed for TCA soluble radioactivity, as
a measure of hydrolysis of the protein component. The collec-
tion fluids were analyzed to determine if metabolites appear in
the luminal fluid during microperfusion of '251-HDL3. Analyses
of the bathing media were performed to test if reabsorption of
metabolites occurs. As a control, TCA soluble radioactivity
was also measured in the original perfusates. '4C-inulin (5
mg/mi) was added to the perfusate to quantify leak into the
bathing medium.
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Hydrolysis by renal homogenates and subcellular components
Whole kidney homogenate. Kidneys from sodium
pentobarbital anesthetized (50 mg/kg) New Zealand white rab-
bits were trimmed of fat, passed through a tissue press (80 pores
x 0.040" diameter), homogenized in a motor-driven unground
glass tissue grinder (Teflon pestle, 0.15 to 0.23 mm clearance),
and further homogenized in a hand-operated ground glass tissue
grinder (0.13 to 0.18 mm clearance) with three to six strokes.
The homogenate was adjusted to a 10% (w/v) solution with
KRB (pH 7.2) and frozen at — 20°C for later use. Determination
of the protein concentration was made according to the method
of Lowry et al [21], using bovine serum albumin as a standard.
Varying concentrations of 1251-HDL3 were incubated with
renal homogenate in an incubation medium of KRB at 37°C, pH
7.2, for 15 mm, and proteolysis was quantified by assaying the
medium for TCA soluble label. Incubation in the presence of
boiled homogenate or KRB alone served as controls. For
analysis of TCA soluble label, three 50-pd aliquots of the
incubation mixture were placed in separate plastic micro-
centrifuge tubes containing 50 il of 4% bovine serum albumin
each, and 100-jsl aliquots of 20% TCA were added to the tubes.
Following mixing, they were centrifuged for 2 mm at >< 9000g in
a microfuge (Beckman B, Beckman Instruments). The TCA
soluble radioactivity was counted in a scintillation spectrometer
(Packard Gamma, Packard Instruments).
To verify that TCA soluble label reflected hydrolysis of the
protein moiety of '251-HDL3, the following procedure was done.
'251-HDL3 at four different concentrations (0.014, 0.072, 0.218,
and 0.271 mg/mi) was incubated with renal homogenate (5.08
mg/ml) in KRB at pH 7.2, 37°C for 15 mm, and the incubation
media were precipitated with TCA. The supernatants were then
extracted with hexane at pH 4, and radioactivity in the lipid and
aqueous phases was counted. Ninety-eight percent of radio-
activity was found associated with the aqueous phase, indicat-
ing hydrolysis of the protein component.
The effect of pH upon hydrolysis was investigated by incu-
bating '251-HDL3 in the presence of renal homogenate as the pH
was varied. The incubation medium consisted of: 115 mM NaCI,
5 mM KC1, 2 mM CaC12, 1.2 mr'vi MgC12, and Tris-maleate-
NaOH buffer. TCA precipitation was used to quantify hy-
drolysis. CPM were converted to micrograms of '251-HDL3
protein hydrolyzed by comparison to standards containing
known amounts of 1251-HDL3.
The influence of incubation time on the rate of hydrolysis was
assessed by incubating '251-HDL3 with renal homogenate at pH
5.15, 37°C, and determining TCA soluble label in the incubation
medium at 15, 35, and 60 mm.
Cortical homogenate and isolated microvilli. To determine if
proteolysis of 1251-HDL3 occurs in the renal cortex, and if
hydrolytic activity is localized at the level of enzymes associ-
ated with microvilli of the proximal tubule, cortical homogenate
and microvilli derived from the homogenate [30] were incubated
in KRB with varying concentrations of the labeled lipoprotein.
Following incubation for 15 mm, at 37°C and pH 7.2, the
medium was analyzed for TCA soluble radioactivity as previ-
ously described. Incubation in the presence of KRB alone or
boiled tissue served as a control. Alkaline [31] and acid
phosphatase [31—34] served as enzyme markers to identify
microvilli and lysosomal contamination, respectively. Relative
specific activities were 5.08 0.33 for alkaline phosphatase,
and 1.35 0.21 for acid phosphatase in two preparations of
membranes and homogenate. Relative specific activity is de-
fined as specific activity in the microvilli preparation divided by
specific activity in the cortical homogenate, from which it was
derived. Protein concentration was determined according to the
method of Lowry et al [21], using a bovine serum albumin
standard.
Homogenate of isolated proximal tubules. Rabbit renal prox-
imal tubules were isolated in batch quantities by the method of
Carlson Ct al [35], as modified by Hjelie, Morin, and Trouet
[361. Briefly, the renal arteries of 1.5 to 2.0 kg New Zealand
white female rabbits are cannulated and perfused with RPMI-
1640, a nutrient-rich tissue culture medium, followed by perfu-
sion of magnetic iron particles suspended in the medium. The
magnetic particles fill the vascular space, including the glomer-
ular loops. The cortices are collected, minced with scissors,
homogenized, and the homogenate is poured through a 210 j
pore size sieve. Free tubules and glomeruli pass through the 210
s sieve and are collected, in turn, on an 86 sieve. The
iron-filled glomeruli are separated from the tubules by the use of
a magnet, leaving a pure preparation of proximal nephron
segments. Homogenates of the isolated tubules were prepared
by sonifying them in a chilled solution containing 0.25 M
sucrose, 1 mM EDTA for two 30-sec bursts (Sonic 300 dismem-
brator, Systems Corp., Farmingdale, New York). Protein con-
centration was determined by a fluorometric procedure [371.
The resulting homogenates were either incubated immediately
or frozen for later use. HDL3 catabolism rates were not affected
by freezing or prolonged storage.
Homogenate (50 g/50 l) derived from renal proximal tu-
bules was incubated for 60 mm at 37°C in the presence of
'251-HDL3 (0.1 ig/50 l) under conditions of varying pH. The
incubation medium consisted of: 115 mrvi NaCI, 5mM KC1, 2 mM
CaCI2, 1.2 mrvi MgC12, 50 m buffer, and 11.57 ig/50 [LI
cysteine. Different buffers were used as the pH was varied,
including citrate (pH 3.0—5.0), tris-malaete (pH 4.5—7.4), and
tris-HC1 (pH 7.0—9.0).
Subcellular components of proximal tubular cells using ana-
lytical cell fractionation. Proximal cells were fractionated by
dounce homogenization of isolated proximal tubules in batch,
followed by isopycnic centrifugation of the postnuclear super-
natant in a linear sucrose gradient [361. The location of subcel-
lular components within the gradient was determined by assay-
ing for marker enzymes, as previously described [36]. 1251
HDL3 (0.1 [Lg/50 [d) was incubated with the collected fractions
to determine the site of hydrolysis. The incubation medium was
the same as that described above for homogenates of proximal
tubules.
Results
In vitro microperfusion of '251-HDL3 through
nephron segments
Quantification of luminal uptake. Proximal straight rabbit
nephron segments were microperfused in vitro with '251-HDL3
in three separate sets of experiments, and luminal uptake was
quantified as a function of time (Figs. 1—3). The average
perfusion rates and concentration of HDL3 protein in the
perfusate are indicated in the respective figure legends. Each
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Fig. 1. Uptake of'251-HDL3 by microperfused proximal straight neph-
ron segments. '251-radiolabel is expressed as nanograms of the original
°51-HDL3 protein, and its uptake is plotted as a function of perfusion
time. Each point represents one experiment. The rate of perfusion was
14.12 1.82 (mean SE) nllmin, and the concentration of HDL3
protein in the perfusate was 0.256 ng/nl. The data points were fitted
significantly to a nonlinear regression curve using a multivariate regres-
sion model: regression coefficients a =
—0.5935, a1 = 0.2799, a2 =
—0.0079; multiple coefficient of determination = 0.95; P < 0.001. Six
nephron segments from six animals were microperfused.
C
C.C
(I
Fig. 2. Uptake of '251-HDL3 by microperfused proximal straight neph-
ron segments. '4C-inulin was added to the perfusate as a marker for the
extracellular compartment, and uptake of 251-radiolabel is corrected for
the inulin space. The perfusion rate averaged 16.31 0.38 ni/mm, and
the protein concentration of HDL3 in the perfusate was 0.256 ng/nl. The
data points were fitted significantly to a nonlinear regression curve
using a multivariate regression model: regression coefficients a0 =
—6.919, a1 = 0.9660, a2 = —0.0211; multiple coefficient ofdetermina-
tion = 0.74; P < 0.05. Six nephron segments from four animals were
microperfused.
Time of microperfusion, mm
Fig. 3. Uptake of'251-HDL3 by microperfused proximal straight neph-
ron segments. Conditions were the same as those in Figure 2, except
that protein concentration was 0.125 ng/nl, and the perfusion rate was
13.35 ni/nun. The graph shows the sequestration of radiolabel by
tubular cells (solid line), and the appearance of 1251-labei in the bathing
medium (broken line), corrected for the inulin space and inulin leakage,
respectively. Four nephron segments from one animal were
microperfused.
Table 1. Electron microscopic radioautography; distribution of grains
in proximal tubular celisa
Region of cell Grains/2 (mean SE)
Brush border 0.303 0.142
Apical 0.415 0•121b
Basal 0.037 0.010
model (see Methods), suggesting that sequestration of 125j
HDL3 first increases with the time of perfusion, and then
declines. In the third set of experiments (Fig. 3), the appearance
of '251-label in the bathing medium was measured (corrected for
inulin leak) in addition to tubular sequestration of iodinated
.
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point plotted in the figures represents a separate perfusion
experiment, and each set of experiments was performed with a
different lipoprotein preparation. Luminal uptake of '251-label is
expressed as original HDL3 protein sequestered as a function of
time per millimeter of tubule length. In the second and third sets
of experiments, '4C-inulin was included in the perfusate, and
tubular sequestration of 1251-HDL3 is corrected for the inulin
space. The data in Figures 1 and 2 may be fitted significantly to
a nonlinear regression curve using a multivariate regression
material. The data show that radiolabeled material begins to
appear in the bath at about the time that tubular sequestration
declines. Collectively, the results indicate that luminal uptake
of '251-radiolabel occurs during microperfusion of t2SIHDL3,
and suggest that net tubular sequestration of the lipoprotein
may decline after approximately 20 mm of progressive uptake,
accompanied by loss of iodinated material across the
contraluminal cell membrane.
Electron microscopic radioautography. '251-HDL3 (0.25
ng/ni) was microperfused (14.73 0.17 nllmin) through six
rabbit proximal straight nephron segments for 15 mm, after
which tissue samples were prepared for electron microscopic
radioautography. Sections were coated with photographic
emulsion, stored at 4°C, and developed 3 to 5 weeks later. Table
1 indicates that grains were associated largely with the brush
border and apical cytoplasm, following 15-mm perfusion. Table
2 demonstrates that grains were distributed in various subcel-
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Table 2. Electron microscopic radioautography; distribution of grains
in proximal tubular ceilsa
Site Grains no. Percent
Brush border 130 25.1
Endocytic vesicles and vacuoles 145 28.0
Lysosomes 40 7.7
Peroxisomes 5 0.9
Mitochondria 67 12.9
Nuclei 28 5.4
Lateral-basal plasma membrane 3 0.5
Other cytoplasm 99 19.1
a Tissue samples from six nephron segments were used, 16 prints
were examined, and 517 grains were counted.
lular compartments including endocytic vesicles and lysosome-
like dense bodies. In addition, considerable radioactivity local-
ized at mitochondria. Figures 4 and 5 are electron microscopic
radioautographs showing luminal uptake and distribution of
radiolabeled material in the proximal nephron.
Analysis of collection fluids and bathing media for metab-
olites. Following microperfusion of '251-HDL3 (0.256 ng/nl;
16.51 0.21 ni/mm) through 11 rabbit proximal straight neph-
ron segments for 9.75 to 40 mm, the collection fluids and
bathing media were analyzed for TCA soluble radioactivity, as
a measure of hydrolysis of the protein component. Although
HDL3 protein in the collected fluids was 94.5 0.6% intact,
labeled material in the bath averaged 72.0 4.4% intact, which
is different at the P < 0.001 level of significance using the group
test. Thus, labeled HDL3 protein appearing in the bathing
medium was less intact then that in the luminal fluid and
indicates that metabolites entered the bath. The intact 125J.
HDL3 observed in the bathing medium may be accounted for by
leak of perfusate into the bath, which averaged 6.34 4.79%
for the 11 tubules measured. Lipoprotein in the luminal com-
partment was not degraded, because average TCA soluble
radioactivity in the collected luminal fluids was not greater than
that of the initial perfusates.
Hydrolysis of renal homogenates and subcellular components
Whole kidney homogenates. 1251-HDL3 was incubated with
renal homogenate in KRB for 15 mm at pH 7.2, 37°C. Following
incubation, the medium was analyzed for TCA soluble radio-
activity as an index of lipoprotein proteolysis. Figure 6 depicts
a representative experiment in which TCA soluble radioactivity
varied linearly when plotted against substrate concentration.
The line was fitted by linear regression analysis with a correla-
tion coefficient of 0.991, and is significantly different from zero
at the P < 0.01 level of confidence, as determined by co-
variance analysis. Similar results were obtained from five
experiments, each utilizing homogenates prepared from sepa-
rate rabbits. Substrate concentration was varied among the five
experiments over a range of 0.013 to 1,655 mg/mI, and
homogenate protein was 3.40 0.50 mg/ml. The average slope
(ng HDL3 protein hydrolyzed/mg incubated) was 194.5 74.3,
expressed per milligram of homogenate protein per minute of
incubation. Incubation in the absence of homogenate or with
boiled homogenate prevented proteolysis of '251-HDL3.
The effect of pH on renal hydrolysis of 1251-HDL3 protein in
the presence of whole kidney homogenate is shown in Figure 7.
1251-HDL3 (0.269 mg protein/ml) was incubated in two experi-
ments for 15 mm at 37°C with renal homogenate (4.05 mg/mI)
derived from the kidneys of three rabbits. As pH was lowered
from 6.83 to 5.15, the rate of hydrolysis increased 8.8 times.
This difference is significant at the P < 0.02 level of confidence,
as determined by the group t test. Incubation in the absence of
homogenate or with boiled homogenate preventedhydrolysis.
The influence of incubation time on the rate of hydrolysis was
assessed by incubating 1251-HDL3 (0.067 mg protein/ml) with
renal homogenate (4.05 mg/mI) at pH 5.15, 37°C, and determin-
ing TCA soluble label in the incubation medium at 15, 35, and 60
mm. Figure 8 shows that the hydrolytic rate increased linearly
as a function of time. Incubation without homogenate pre-
vented proteolysis.
Following a 60-mm incubation at pH 5.15, 37°C in the above
experiment, the medium was analyzed by electrophoresis
(PADGE-SDS) to characterize hydrolysis of 1251-HDL3. Figure
9 compares the electrophoretic profiles plotting CPM against
mobility after incubation in the presence of whole kidney
homogenate, and boiled homogenate as a control. The areas
under the peaks representing apo AT and All were reduced by
40 and 60%, respectively, when compared to those of the boiled
homogenate control. Furthermore, two apparent peaks with
molecular weights of 12,750 and 9,000 appeared following
proteolysis.
Cortical homogenate and isolated microvilli. To determine if
proteolysis of '251-HDL3 occurs in the renal cortex, and if
hydrolytic activity is localized at the level of enzymes associ-
ated with microvilli of the proximal tubule, cortical homogenate
and microvilli derived from the homogenate were incubated
with the labeled lipoprotein. Following incubation for 15 mm at
pH 7.2, 37°C, the medium was analyzed for TCA soluble
radioactivity as previously described. Figure 10 is a repre-
sentative experiment comparing proteolysis as a function of
substrate concentration, and demonstrates activity in the cor-
tex. Similar results were obtained in three experiments using
two membrane preparations and homogenates, each of which
was prepared from renal tissue samples from two rabbits. The
concentration range of '25I-HDL3 protein in the incubation
medium for all three experiments was 0.120 to 0.725 mg/ml; the
concentrations of renal protein were 1.76 0.33 and 1.80
0.34 mg/ml for cortical homogenate and microvilli, respectively.
Average slopes (ng HDL3 protein hydrolyzed/mg incubated)
were 130 50.5 for cortical homogenate and 56.9 29.7 for
microvilli, expressed per milligram of renal protein per minute
of incubation. Although enzymes associated with the microvilli
were enriched a mean of 5.1 times, proteolytic activity averaged
only 43.7% of that observed for cortical homogenate.
Homogenate of isolated proximal tubules. Homogenate (50
sg/50 il) derived from rabbit renal proximal tubules was
incubated in the presence of '251-HDL3 (0.1 ig/50 1d) and
cysteine (11.57 g/50 d) over a pH range of 3.0 to 9.0 for 60 mm
at 37°C, and hydrolysis was assessed by TCA precipitation.
Figure 11 indicates that hydrolytic activity varied as a function
of pH, with apparent optimum activity occurring at pH 5.0.
Analogous results were seen in two additional incubations
under similar conditions in the absence of cysteine.
Subcellular components of proximal tubular cells using ana-
lytical cellfractionation. Fractions of proximal tubule cells in a
sucrose gradient were incubated with '251-HDL3 (0.1 Lg/50 p3)
1' -s
L
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Fig. 4. Electron microscopic radioautographv of'251-HDL3 uptake by micrope,fused proximal straight nephron segments. The micrograph shows
grains associated with apically positioned endocytic vesicles and cytoplasmic vacuoles (V), and lysosome-like dense bodies (Ls) in proximal tubule
cells. The tubule lumen is represented by (L). The bar equals I s.
for 4 hr at pH 5.0, 3TC, and sites of hydrolysis within the
gradient were determined by TCA precipitation. Figure 12 is a
plot of the frequency distribution of hydrolytic activities within
the gradient for several marker enzymes and for proteolysis of
'251-HDL3 (top center panel). There is a clear overlap in the
profile for 1251-HDL3 hydrolytic activity and those of N-acetyl-
J3-glucosaminidase and a-mannosidase, two lysosomal marker
enzymes. Some correlation is observed between the pattern of
activity for the denser component only of the peroxisome
marker, catalase, and HDL3 hydrolysis. Overlap of HDL3
degrading activity with the profiles for marker enzymes of other
subcelluar components including mitochondria, brush border,
cytosol, endoplasmic reticulum, and contraluminal membrane
is relatively poor. The data indicate that lysosomes are a
potential site for hydrolysis of HDL3 protein.
Discussion
The data indicate that uptake of HDL1 can occur at the
luminal surface of proximal tubular cells, followed by
proteolysis and transport of metabolites into the contraluminal
space. When iodinated HDL3 was perfused through the lumen
of proximal straight nephron segments in vitro, progressive
tubular accumulation of radiolabeled material was observed for
approximately 20 mm, followed by the appearance of '251-label
in the bathing medium. The addition of '4C-inulin to the
perfusate provided evidence that tubular accumulation of iodin-
ated HDL3 during uptake was intracellular. Analyses of the
bathing media for TCA soluble radioactivity revealed the pres-
ence of metabolites. Data from II microperfusions revealed
that TCA soluble radioactivity was significantly greater in the
bathing medium compared to the collected perfusates.
Proteolytic breakdown products were not observed in the
luminal fluid during perfusion, suggesting that: (1) metabolites
appearing in the bathing medium were not due to leakage of
luminal fluid into the bath; (2) hydrolysis was occurring follow-
ing luminal uptake; (3) metabolites were not diffusing back into
the luminal space. Electron microscopic radioautographic stud-
ies provided additional evidence that HDL is reabsorbed in the
proximal nephron, involving a proteolytic process. Radioauto-
graphic grains were associated with apical endocytic vesicles,
vacuoles, and lysosome-like dense bodies following
microperfusion of 1251-HDL3 through proximal straight nephron
segments. This pattern is typical of the mechanism for reab-
sorption of several proteins in the proximal nephron, which
includes entry of the protein molecule within membrane-bound
vesicles, followed by digestion at lysosomes t38]. Thus, the
radiographic data indicate that HDL3 is reabsorbed by the
kidney in a fashion similar to that for other proteins, and that a
hydrolytic step is involved at lysosomes. The additional obser-
vation that grains localize to a large extent over mitochondria
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Fig. 5. Electron microscopic radioautography of 1251-HDL3 uptake by microperfused proximal straight nephron segments. The micrograph depicts
an association of grains with mitochondria (M); (B). brush border; bar, 1 .
suggests that the intracellular itinerary of HDL3 may be some-
what more complicated than that of other proteins, and raises
the possibility that lipids are delivered to the mitochondria.
Direct studies of the hydrolytic capabilities of renal tissue
indicate that proteolysis of HDL3 occurs at lysosomes in the
proximal tubule. Initial incubations of '251-HDL1 in the pres-
ence of whole kidney homogenates resulted in degradation of
the protein component, which was prevented by boiling the
tissue to denature the hydrolytic enzymes. Metabolites gener-
ated were observable by SDS-polyacrylamide disc-gel
electrophoresis, and hydrolytic activity increased as the pH of
the incubation medium was reduced from 6.8 to 5.2.Proteolytic
activity also was observed in homogenates of the renal cortex
and isolated proximal tubules, the latter demonstrating a pH
optimum of 5.0. Thus, proteolysis of HDL3 by renal tissue was
observed, with activity occurring in the proximal tubule. The
acidic pH optimum for hydrolytic activity is suggestive of
lysosomal involvement. As further evidence, iodinated HDL3
was incubated with subcellular components of proximal tubule
cells distributed within a sucrose gradient. The pattern for
proteolysis of '251-HDL3, as described by plotting relative
activity as a function of gradient density, overlapped largely
with the activities of two lysosomal marker enzymes, indicating
that lysosomes of the proximal nephron are a potential site for
degradation of HDL3. Using the same fractionation technique,
there appeared to be some correlation between the patterns of
activity for the denser component of the peroxisome marker,
catalase, and HDL3 hydrolysis (Fig. 12). However, the relative
low pH optimum for apoprotein catabolism and the lack of
hydrolysis in the more buoyant region of catalase can serve as
arguments against peroxisomes being a major site of HDL3
proteolysis. The electron microscopic radioautography studies
support this interpretation, because few grains localized over
peroxisomes following microperfusion of proximal nephron
segments with '251-HDL3. Although enzymes associated with
the brush border of the proximal nephron are active in degrad-
ing certain peptides [39, 401, this study does not support the
concept that brushborder hydrolases play a major role in the
proteolysis of HDL5. Metabolites of HDL3 were not observed
in the collected luminal fluids of microperfused proximal
straight nephron segments. In the sucrose gradient studies,
there was little overlap of HDL3 proteolytic activity with that of
a brushborder marker enzyme. Finally, there was little hydro-
lytic activity associated with purified microvilli, relative to the
renal cortical homogenate from which they were derived.
Reabsorption of HDL3 in the proximal nephron may be
important to normal kidney function, as well as being a perti-
nent consideration during nephrosis. There is growing evidence
that the kidneys play a significant role in the metabolism of
circulating HDL [8—141. Nakai and Whayne [101 have shown
that the liver and kidney are largely responsible for sequestering
and degrading injected apoprotein A-I (a major HDL protein) in
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Fig. 6. Proteolysis of '251-HDL3 by whole kidney homogenate. TCA
soluble radioactivity is plotted as a function of substrate concentration.
Protein concentration of the renal homogenate was 3.22 mg/mI, and
incubation was for 15 mm at 37°C and pH 7.2. Incubation in the
presence of KRB as a control yielded no hydrolysis.
dogs. Some studies have suggested that filtration of HDL may
occur in the normal kidney, and that reabsorption of filtered
lipoprotein is part of the metabolic process. Sega! et al [15]
found that apolipoproteins of high density lipoprotein appear in
the urine of normal human subjects. The apolipoproteins were
isolated from urine in the ultracentrifuge at a density greater
than 1.24 g/ml, suggesting an HDL-like particle. Using the
isolated perfused rat kidney, Saku et al [13] perfused 1251-HDL
and quantified sequestration of radiolabel by renal tissue. A
greater accumulation of radiolabel was observed in control
kidneys than kidneys made nonfiltering by simultaneous perfu-
sion with 10% bovine serum albumin, It is suggested that
filtration and reabsorption contributed to the greater accumula-
tion of radiolabel. Additional studies in nephrotic patients or
animals point toward the kidney's ability to reabsorb and
degrade HDL. Shore et al [14] described particles resembling
HDL in the urine of human nephrotics and found changes in
apolipoproteins suggestive of proteolysis. Kashyap et al [8] also
observed HDL in the urine of human nephrotic patients, and
detected HDL antigens by immunofluorescence in the tubular
cytoplasm of renal biopsy tissue samples taken from some of
these individuals. These results suggest that luminal uptake
may have occurred. Consistent with this interpretation is the
finding of apically positioned fat droplets in human proximal
tubular cells during nephrosis [41]. Data from the present study
substantiate that the renal tubule possesses the capability of
reabsorbing HDL3 appearing in the luminal fluid, and raise
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Fig. 7. Proteolysis of '251-HDL3 by whole kidney homogenate as a
function of pH. TCA soluble radioactivity is plotted as pH is lowered
from 6.83 to 5.15. '251-HDL3 (0.269mg protein/mi) was incubated in two
experiments for 15 mm at 37°C with renal homogenate (4.05 mg/mi)
derived from the kidneys of three rabbits. Incubation in the absence of
homogenate or with boiled homogenate prevented hydrolysis. The bars
represent SEM.
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Fig. 8. Proteolysis of °51-HDL3 by whole kidney homogenate as a
function of time. TCA soluble radioactivity is plotted at 15, 35, and 60
mm of incubation time. '251-HDL3 (0.067 mg protein/nil) was incubated
with renal homogenate (4.05 mg/mi) at pH 5.15 and 37°C. Incubation
without homogenate prevented hydrolysis.
questions regarding the relationship of lipoprotein reabsorption
to the metabolic needs of tubular cells, the effects of renal
transport and catabolism on systemic metabolism of HDL, and
the consequences of possible tubular engorgement of HDL
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Fig. 9. Electrophoretogram of '251-HDL3 proteolysis in the presence of
whole kidney homogenate (0—0). '251-HDL3 (0.067 mg protein/mi) was
incubated in the presence of renal homogenate (4.05 mg/mI) for 60 mm
at pH 5.15 and 37°C. Boiled homogenate (•—S) served as a control.
Bromophenol blue was used as a reference marker with an assigned
mobility of 1.00 for the 10% polyacrylamide disc gels with sodium
dodecyl sulfate. Note the reduction in radioactivity associated with apo
Al and apo All following incubation with homogenate, and the appear-
ance of additional peaks (arrows).
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Fig. 10. Proteolysis of °5!-HDL in the presence of cortical homogenate
and isolated renal microvilli. TCA soluble radioactivity is plotted as a
function of substrate concentration when incubated with cortical
homogenate (2.28 mg/mI) or isolated microvilli (2.28 mg/mI) for 15 mm
at 37°C and pH 7.2. Incubation in the presence of KRB or boiled
homogenate as controls yielded no hydrolysis.
during nephrosis. The reabsorptive pathway may be a normal
means of delivering cholesterol and phospholipids to proximal
tubular cells, which turn over plasma membrane rapidly [42].
9.0
Incubation pH
Fig. 11. Proteolysis of'251-HDL3 in the presence of homogenate derived
from isolated renal proximal tubules. TCA soluble radioactivity is
plotted as a function of pH. Tubular homogenate (50 g/d) was
incubated with '251-HDL3 (0.1 rg/pi) and cysteine (11.57 sg/50 p.I) for
60 mm at 37°C The bars represent sEM; three observations are rep-
resented by an experimental point. Buffers are: -0-, citrate; -•-, Tris
maleate; -A-, Tris-HCI.
Luminal uptake of HDL may be pertinent also to the energy
requirement of these cells, as well as the conservation of
constituent fats and amino acids during the reabsorptive proc-
ess. The relationship of tubular reabsorption and catabolism of
HDL to its circulating levels and lipoprotein metabolism sys-
temically remains to be determined. Finally, enhanced uptake
of HDL during nephrosis could affect any of these processes.
The data suggest that luminal uptake of HDL3 in the proximal
nephron decreases under conditions of prolonged exposure to
the lipoprotein. Upon microperfusion of 1251-HDL3 through
proximal straight nephron segments in vitro, tubular accumula-
tion of radiolabel progressively increased, reaching a peak at
approximately 20 mm, and then declined. The reduction in
sequestered iodinated material was accompanied by efflux of
'251-Iabel into the bathing medium. These results are consistent
with the interpretation that luminal uptake of HDL3 stopped, or
was markedly reduced, at the same time that efflux was
observed. At least three explanations for this phenomenon may
be given. The first is that renal proximal tubular cells possess
the ability to regulate uptake of lipoprotein. It has been shown
in fibroblasts that such a mechanism exists for low density
lipoprotein uptake, involving down-regulation of surface recep-
tors [43]. It is conceivable that available luminal binding sites
for HDL may be reduced, or some other component of the
transport mechanism may be actively blocked, during continual
exposure to the lipoprotein. The second interpretation is that
the endocytic process becomes exhausted. For instance,
luminal membrane available for endocytosis may not re-cycle
rapidly enough to maintain the uptake process. The third
possibility is that cellular loading the HDL may have toxic
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Fig. 12. Proteoloysis of '251-HDL3 in the pres-
ence of subce/lular components derived from
renal proximal tubules. Subcellular compo-
nents of proximal tubule cells are distributed
within a sucrose gradient. Activities for sev-
eral marker enzymes, and proteoloysis of 125J
HDL3 (top center panel) are plotted as a func-
tion of sucrose gradient density. The bars rep-
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effects on tubular function, accompanied by a reduction in
uptake. Although the tubule segments used in this study re-
mained viable at the completion of microperfusion, based on
common criteria described in the Methods section, it is possible
that subtle nephrotoxic changes occurred impairing tubular
function.
This study shows that the proximal nephron possesses the
capability to reabsorb HDL3 by a process involving endocytic
uptake at the luminal membrane, followed by proteolysis at
lysosomes. The findings provide a basis for further studies on
the role of the kidney in lipoprotein metabolism, and the effect
of lipoprotein uptake on tubular function.
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